We have developed a simulation code to study the energy loss distribution of energetic protons after traversing a thin amorphous carbon foil. The electronic interactions among the proton and the target electrons were taken into account using a realistic description of the solid, and the nuclear scattering events were considered by means of a Monte Carlo procedure. Our results compare fairly well with experimental energy loss distributions. Ó 1998 Elsevier Science B.V.
Introduction
The interaction of energetic charged projectiles with matter goes back to the beginning of this century. Many references are available that describe the basic processes that take place in these interactions, from the classical Bohr's paper [1] , to recent proceedings [2] or textbooks [3, 4] . However there are still several aspects of the processes involved in these interactions that deserve further analysis.
When an energetic projectile moves through a solid it interacts with the target electrons (via collective and individual excitations) and also with the target nuclei (nuclear collisions). The former way of interaction takes place through inelastic processes and mainly changes the projectile kinetic energy, without modifying appreciably its direction; on the other hand, the series of elastic collisions with the atomic cores modify the projectile's velocity direction, and also changes slightly its energy. For projectile energies i P 10 keV, the energy losses due to electronic excitations dominate over those due to elastic nuclear collisions, therefore the latter are usually not taken into account in the evaluation of energy loss at these energies.
Due to the stochastic nature of the interactions that take place at the atomic level, the slowing down of a proton beam produces a distribution of energy losses, which is mainly characterized by the mean energy loss per path length (the stopping power), and by the¯uctuations around this mean value (the energy loss straggling). Although in the energy range of interest in this work both magnitudes are dominated by electronic interactions, the purpose of this paper is to study the eects Nuclear Instruments and Methods in Physics Research B 135 (1998) 45±49 of nuclear collisions on the energy loss distributions, in particular with respect to the following points: an expected increase in the energy loss, due both to an enlargement in the proton path length (due to collisional de¯ections), and to the additional energy losses in elastic processes. Moreover, the eect of a stopping power and energy loss straggling that change as the proton energy varies (through the slowing down process) is also incorporated in our calculations.
In this paper we use a combination of Molecular Dynamics and Monte Carlo code to analyze the eects of nuclear collisions on the proton energy loss distribution. The eect of a stopping power and straggling that change as the proton energy varies inside the solid is also incorporated in our calculations.
Simulation method and energy loss calculations
For a random medium, the electronic stopping force and the nuclear collision terms are in principle of stochastic nature. Then, for a given incident energy, the former¯uctuates following a Gaussian distribution around a mean value. This mean value and the variance of this distribution are, respectively, the stopping power and the energy loss straggling, and both can be calculated from the dielectric theory of the stopping power [5, 6] . The elastic collision de¯ections¯uctuate around the forward direction.
Here we have taken into account both processes. The trajectories of the protons in an amorphous carbon target were simulated using a Molecular Dynamics code (based on the Verlet algorithm [7] ) to follow the continuous slowing down due to electronic interactions; and the nuclear collisions were incorporated into this code via a Monte Carlo subroutine.
At each time-step the corresponding stopping forces were statistically generated from a Gaussian distribution, whose mean value and variance were calculated from the dielectric formalism [5, 6] . The energy loss function of the amorphous carbon target, which lies on the grounds of the dielectric theory of stopping power, was determined according to the procedure described in Refs.
[8±10].
The proton mean free path between nuclear collisions and the corresponding polar angle of de¯ec-tion (with respect to the direction of motion of the proton) were calculated using the method described by Zajfman et al. [11] . The azimuthal angle was taken from a uniform distribution between 0 and 2p.
Using this method, the trajectory of each proton is followed since it enters the target until it leaves it. After repeating this procedure for 20 000 histories we obtain the energy loss distribution of the proton beam after traversing dierent foil thicknesses, and from these distribution we derive the corresponding mean energy loss value for each thickness.
Results and discussion
We show in Fig. 1(a) and (b) the calculated distributions of energy losses, in cases where nuclear collisions were or were not taken into account; the incident proton energies are i 10 keV and i 25 keV and the thickness of amorphous carbon foil is 265 # A. The electronic energy loss straggling was included in both cases. As it may be observed, the net eect of the nuclear collisions is to increase the mean energy loss, but they do not aect sizably the width of the distributions. These two eects are easy to understand in terms of the increase in the eective path length of the protons (due to multiple de¯ections from the otherwise straight trajectories), and considering also the almost negligible energy loss in the elastic collisions. Then, it seems evident that the eects of nuclear collisions will be more notorious in the case of low energies and thick targets.
In Fig. 2(a) and (b) we observe the eect of including or not the¯uctuations in the electronic energy loss experienced by a proton at each timestep. Results for two proton energies (i 25 and 100 keV) and several target thicknesses (159, 317 and 529 # A) are depicted. Nuclear collisions, which were kept in both cases, produce a slight asymmetry of the distribution towards larger energy losses, but this is only appreciable when the electronic straggling is not included in the calculations. Again, it is clearly perceptible that the contribu-tion of the nuclear scattering to the energy loss distribution decreases for thinner targets and higher proton energies.
A comparison of our results with the experimental energy distribution of a 56.3 keV proton beam transmitted through a 2.18 lg/cm 2 amorphous carbon foil [12] is provided in Fig. 3 . According to the technique used to prepare the target [12] we have considered that the density of this sample was 1.7 g/cm 3 , which gives a foil thickness of 128 # A. The position and width of the peak predicted by our analysis agree quite well with the experimental results. Fig. 4 shows the mean energy loss as a function of the foil thickness, for two proton energies (i 10 and 25 keV). Solid lines correspond to the case where nuclear collisions were taken into account in the simulations, whereas the opposite is represented by the dotted lines. Note that all the previous results were obtained allowing for the variation of the stopping power and straggling A-thick amorphous carbon foil. The solid line represents our calculations, and the dots are experimental data from [12] . according to the instantaneous energy of the proton inside the foil. In order to check the convenience of the latter statement, we have also considered the simplest case of a constant stopping power (corresponding to the incident energy) without nuclear collisions, which is represented by the dashed lines. Here we can observe that the more complete calculations (solid lines) clearly dier from the simplest case (dashed line). The intermediate procedure, which considers the variation of the stopping power with energy, but does not include the nuclear collisions (dotted line), hardly diers from the complete calculations in the case of high energies, but it shows appreciable dierences for lower energies and thicker targets.
Conclusions
We have developed a simulation code to calculate the energy loss distribution of proton beams interacting with solid targets. The eects of the electronic energy loss straggling, stopping power and straggling variation with the instantaneous proton velocity, and nuclear collisions, were taken into account. The ®rst two eects, by following, in a continuous slowing down approximation, the motion of a proton through the solid, and the latter by using a scattering cross section to calculate the de¯ections of the protons from the initial straight trajectory.
The thickness dependence of the stopping power (calculated as the slope of the curve Di vs. thickness) is worth noting. The usual procedure to obtain experimentally the stopping power, by measuring the energy losses for dierent foil thicknesses should be handled carefully, at least in the range of energies and thicknesses discussed in this paper. These dierences are larger when the thicker is the target, and the lower the incident proton energy.
